Abiotic stresses have severe detrimental effects on agricultural productivity worldwide. Abscisic acid (ABA) levels rise in response to abiotic stresses, and play a role in coordinating physiological responses. ABA elicits its effects by binding a family of soluble receptors, increasing affinity of the receptors to type 2C phosphatases (PP2Cs) leading to phosphatase inhibition. In the current study, we conducted a comprehensive analysis of the ABA signaling pathway in the cereal model grass Brachypodium distachyon. The Brachypodium genome encodes a family of 10 functionally conserved ABA receptors. The 10th in the series, BdPYL10, encodes a defective receptor and is likely a pseudogene. Combinatorial protein interaction assay further validated computational analysis, which grouped Brachypodium ABA receptors into three subfamilies, similarly to Arabidopsis classification. Brachypodium subfamily III receptors inhibited PP2C activity in vitro and complemented Arabidopsis quadruple (pyr1/pyl1/pyl2/pyl4) mutant. BdPYL1 T-DNA mutant exhibited clear ABA hyposensitivity phenotypes during seedling establishment and in mature plants. Single receptor predominance is in agreement with high transcriptional abundance of only a small Brachypodium ABA receptors subset, harboring the higher marginal significance of BdPYL1. Our findings suggest that unlike the highly redundant ABA core signaling components of Arabidopsis, Brachypodium encompasses a more compact and specialized ABA receptor apparatus. This organization may contribute to plant adaptations to ecological niches. These results lay the groundwork for targeting the prominent ABA receptors for stress perception in grasses, and reveal functional differences and commonalities between monocots and eudicots.
INTRODUCTION
The projected climate changes, which include an increase in the frequency and severity of extreme events (i.e. drought and heat waves), together with rising levels of atmospheric carbon dioxide (CO 2 ) and ozone (O 3 ), directly threaten agricultural food production (Walther et al., 2002; Gornall et al., 2010; Scott, 2016; Myers et al., 2017) . Among climate-change-driven stresses, drought, salinity and heat are the primary environmental factors leading to yield loss. Phytohormones play essential roles in plant acclimation to abiotic stresses by mediating a wide range of adaptive responses (for review, see Peleg and Blumwald, 2011) . One of the fastest responses of plants to stress involves synthesis of abscisic acid (ABA), which triggers gene expression (Yamaguchi-Shinozaki and Shinozaki, 2006) and causes stomatal closure; thereby reducing water loss via transpiration (Wilkinson and Davies, 2010) and eventually restricting cellular growth.
When ABA levels rise, a large family of soluble receptors perceives ABA by binding it within a hydrophobic pocket of the PYR/PYL/RCAR proteins (Pyrabactin Resistance 1/ PYR1-like/Regulatory Component of ABA Receptor; Ma et al., 2009; Park et al., 2009) . This interaction leads to a conformational change within the receptor (Melcher et al., 2009; Miyazono et al., 2009; Nishimura et al., 2009a; Santiago et al., 2009a; Yin et al., 2009) , increasing the affinity to type 2C phosphatases (PP2Cs), which, in turn, results in inhibition of PP2C phosphatase activity (Ma et al., 2009; Melcher et al., 2009; Miyazono et al., 2009; Nishimura et al., 2009b; Park et al., 2009 ). Receptor-PP2C interaction releases downstream SNF1-related kinase 2 (SnRK2; Fujii et al., 2009; Umezawa et al., 2009) to phosphorylate downstream proteins, enabling ABA transcriptional responses and activation of ion channels (Hubbard et al., 2010; Weiner et al., 2010) .
Abscisic acid receptors can be grouped into three subfamilies based on sequence homology, oligomeric state in solution, ABA sensitivity and basal activation level (Ma et al., 2009; Santiago et al., 2009b; Yin et al., 2009) . While subfamily III receptors are dimeric in solution and have low basal activity, subfamilies II and I are monomeric, have higher basal activity and require a lower level of ABA to induce PP2C inhibition (Santiago et al., 2009b) . ABA receptors also differ in mRNA and protein accumulation in a spatiotemporal distribution (Gonzalez-Guzman et al., 2014) . Gene expression patterns obtained from public databases and promoter GUS fusion analyses revealed differences among the various receptors (Gonzalez-Guzman et al., 2012; Antoni et al., 2013) ; however, it remains unclear if these receptors have different sub-functions. During stress, ABA levels increase by 10-40-fold (Zeevaart and Creelman, 1988) , leading to a broad array of tissueand context-specific physiological responses. One mechanism by which response to ABA may be tuned is via receptor sensitivity. For example, dimeric ABA receptors require a higher concentration of ABA in order to assume an active conformation, while the monomeric receptors are activated in relatively lower concentrations of ABA (Santiago et al., 2009b; Okamoto et al., 2013) .
The discovery of ABA receptors in the eudicot model, Arabidopsis thaliana, opened the door for extensive ABA signaling research (Ma et al., 2009; Park et al., 2009) . Subsequently, ABA receptors have been identified and characterized in various crops, such as tomato (Solanum lycopersicum), rice (Oryza sativa) and wheat (Triticum aestivum; Gonzalez-Guzman et al., 2014; Tian et al., 2015; Gordon et al., 2016) . In addition, chemical screening of ABA agonists using A. thaliana receptors resulted in identification of small molecules that activate ABA signaling pathways across plant species (Okamoto et al., 2013) . These examples demonstrate the importance and irreplaceability of model plants as gene discovery tools for basic cell functions that have broad implications in crop research.
Abscisic acid plays a significant role in cereal productivity under drought (Ji et al., 2011) . Defining ABA signaling components in grasses can contribute to understanding acclimation of cereal crops to abiotic stresses. Here, we systematically identify, classify and characterize ABA receptors in the monocot model plant Brachypodium distachyon. Furthermore, we present a straightforward experimental method for classification of ABA receptors into subfamilies originated from different plants. Genetic and biochemical analyses of B. distachyon and A. thaliana ABA signaling components reveal that in spite of the high conservation, the extant of receptor redundancy between the two species differs. Results suggest that BdPYL1 predominantly mediate ABA perception in both early seedling development and in mature plants.
RESULTS
Brachypodium distachyon genome encodes a family of 10 putative PYR/PYL/RCAR ABA receptors Abscisic acid receptors cluster into three subfamilies (Ma et al., 2009; Park et al., 2009; Gonzalez-Guzman et al., 2014; Tian et al., 2015; Gordon et al., 2016; Lim and Lee, 2016) and share highly conserved elements among plant species, i.e. ABA binding residues, and gate and latch loops (Gonzalez-Guzman et al., 2014) . In-silico analysis of the B. distachyon genome (Gordon et al., 2016) revealed nine putative ABA receptors. Further detailed analysis of the unannotated genomic sequence has yielded an additional putative ABA receptor, designated as BdPYL10 (Figure 1 ; GenBank accession number-MF371107).
Phylogenetic analysis shows that B. distachyon putative receptors clustered into three subfamilies, as was reported in other plant species (Ma et al., 2009; Park et al., 2009; Gonzalez-Guzman et al., 2014;  Figures 2 and S1, see Methods S1). Because B. distachyon is a model plant for cereal crops, it is important that terminology be uniform across species. Therefore, we used nomenclature that corresponds to A. thaliana receptor and subfamily classification that reflects the similarity of biochemical attributes. BdPYL1, 2 and 3 (BRADI3G34070, BRADI3G08580, BRA-DI1G37810, respectively) were clustered with A. thaliana subfamily III receptors. BdPYL4, 5, 6 and 7 (BRADI1G16710, BRADI1G65130, BRADI2G22510, BRADI2G53840, respectively) were closely related to A. thaliana subfamily II, and BdPYL8 and 9 (BRADI3G09580, BRADI2G32250, respectively) were clustered with A. thaliana subfamily I (Figure S1 ). BdPYL10 was excluded from this analysis due to a major deletion in the latch loop, a key functional domain (Figure 1 ).
Classification of ABA receptors to subfamilies based on yeast two-hybrid (Y2H) assay
To support the algorithm-based phylogenetic approach with functional classification, we tested the interaction between A. thaliana ABA receptors and PP2Cs mutants; ABI1 G180D (encoded by abi1-1) and ABI2 G168D (encoded by abi2-1; Koornneef et al., 1984; Leung et al., 1994; Meyer et al., 1994 ) using a Y2H assay. Interaction between A. thaliana subfamily III receptors and ABI1 or ABI2 phosphatases was ABA dependent. However, this subfamily did not interact with the low-affinity mutants even when saturated with ABA (Ma et al., 2009; Park et al., 2009; Figure 2) . In contrast, the affinity of A. thaliana subfamily I receptors was sufficient to bind the PP2C mutants even in the absence of ABA (Figure 2a) . The interaction between A.
thaliana subfamily II receptors and the ABI1 G180D mutant was ABA dependent. Most of the subfamily II receptors interacted with ABI2 G168D in an ABA-dependent manner, with the exception of PYL6 (Figure 2a ). These results show that the partition of A. thaliana subfamilies II and I receptors could be achieved based on the interaction with ABI1 and ABI1 G180D in the presence or absence of ABA. We tested the partition among B. distachyon receptors, using a similar Y2H assay. In agreement with the phylogenetic analysis, subfamily III receptors, BdPYL1, 2 and 3, interacted only with ABI1 when supplemented with 10 lM ABA. Subfamily I receptors, BdPYL8 and BdPYL9, interacted with both wild-type and mutated ABI1 G180D irrespective of the presence or absence of ABA; and subfamily II receptors, BdPYL4, 5, 6 and 7, interacted with ABI1 G180D only when ABA was supplemented (Figure 2b ). Previous reports have indicated that the core ABA pathway is conserved across plant classes (Gordon et al., 2016) . To test conservation between monocot and eudicot ABA receptors, a Y2H assay was performed between BdPYLs and A. thaliana PP2Cs. Results showed that upon application of ABA to the media, BdPYLs interact with all major A. thaliana PP2Cs (ABI1, ABI2, HAB1, HAB2 and AHG3; Figures 2b and S2 ). Two exceptions were observed, BdPYL2 and BdPYL8 did not interact with HAB2 and AHG3, respectively. These results indicate that the core molecular pathway of ABA perception is conserved between A. thaliana and B. distachyon.
Overexpression of Brachypodium distachyon ABA receptors complement pyr1/pyl1/pyl2/pyl4 quadruple mutant
To determine whether the in vitro interaction between receptors from orthologs systems is sufficient to support protein function in a biological context, we characterized BdPYLs in the background of A. thaliana quadruple mutant (pyr1/pyl1/pyl2/pyl4). We hypothesized that B. distachyon subfamily III receptors would complement the quadruple mutant, in which the orthologs subfamily is compromised. Quadruple A. thaliana mutant was transformed with 35S driven BdPYL1, 2 or 3. All three receptors were translationally tagged with GFP and biotinylation tag (HPB; Qi and Katagiri, 2009 ). Several independent T 3 homozygous single insertion lines were selected based on GFP signal. Sensitivity to ABA was evaluated in the transgenic lines by measuring the response to ABA at two specific developmental stages.
Null segregating transgenics were used as a reference for basal ABA response. Overexpression of BdPYL receptors significantly enhanced ABA sensitivity of the A. thaliana quadruple mutant during seed germination (Figures 3  and S3 ) and reconstituted ABA-mediated root growth inhibition ( Figure S4 ). To further characterize ABA response in the transgenic lines, we applied 1 lM ABA to 10-day-old seedlings and tested the expression of candidate genes. Results showed increased expression of two known ABA regulated genes, RAB18 (AT5G66400) and RD29B (AT5G52300), in quadruple mutants complemented with subfamily III BdPYLs, compared with the null segregates ( Figure 4 ; Table S1 ; for experimental procedure, see Methods S2). Considering the wide-ranged genetic complementation, it is safe to say that the functions of the genes identified in B. distachyon are similar to A. thaliana ABA receptors. Moreover, the introduction of monocot receptors to a eudicot A. thaliana mutant exemplifies the high conservation of ABA core signaling components.
Brachypodium distachyon ABA receptors interact with members of clade A PP2Cs in an ABA-dependent manner
We reasoned that a bona fide B. distachyon ABA receptor would interact and inhibit BdPP2Cs, and that the allosteric effect of ABA will promote the latter. Y2H was used to test the interaction between the putative B. distachyon receptors and two BdPP2Cs (Figure 5a ). Genome-wide Figure 1 . Brachypodium distachyon genome encodes 10 putative abscisic acid (ABA) receptors. Alignment of 33 residues involved in ABA and type 2C phosphatases (PP2C) binding of 10 B. distachyon ABA receptors, PYR1 and PYL2. The gate and latch loops position of PYR1 and PYL2 are labeled. Asterisks in black indicate residues that interact with ABA according to the structure of PYL2-ABA (Melcher et al., 2009) . Asterisks in red and green indicate polar and non-polar, respectively, PYR1-HAB1 interaction according to crystal structure (Dorosh et al., 2013) . The number of asterisks is referring to the number of residues of HAB1 interacting with PYR1 marked residue. Amino acid sequences were color-coded according to similarities of side-chain characteristics.
identification of BdPP2Cs suggests eight ABA pathwayrelated BdPP2Cs (Cao et al., 2016) . We focused on BdPP2C34 (BRADI2G14420) and BdPP2C44 (BRA-DI2G41950), two BdPP2Cs that are phylogenetically closest to A. thaliana clade A PP2Cs; ABI1. Interaction between BdPYL1, 2 or 3 with BdPP2C34 or BdPP2C44 was found to be ABA dependent. On the other hand, BdPYL4, 5, 6, 7, 8 and 9 interacted with both phosphatases irrespective of the presence of ABA. BdPYL10 did not interact with either of the BdPP2Cs (Figure 5a ). To validate the interaction between B. distachyon receptors and PP2C in-planta, a pull-down assay was performed ( Figure S5 ; see Methods S3, S4, S5, S6). Tagged B. distachyon PYLs and BdPP2C44 were transiently expressed in Nicotiana benthamiana plants (Kapila et al., 1997) . BdPYLs were C-terminal fused to a biotinylation tag sequence (HPB; Qi and Katagiri, 2009) . Sepharose streptavidin was used to purify the receptors. Co-eluted GFP-BdPP2C44 was monitored in the presence or absence of exogenous ABA. A stronger signal of BdPP2C44 was perceived in ABA-treated BdPYL1 samples compared with untreated or control. This result indicated that N. benthamiana ABA endogenous levels were not sufficient to saturate BdPYL1. Both in vitro and in vivo interaction assays implied that the affinity of subfamily III B. distachyon receptors to BdPP2Cs is lower than the affinity of the two other receptor subfamilies.
Because interaction between a functional ABA receptor and a PP2C leads to inhibition of PP2C activity (Ma et al., 2009; Melcher et al., 2009; Park et al., 2009) , we examined the BdPYLs allosteric inhibitory effect on BdPP2Cs using a receptor-mediated phosphatase inhibition assay (Figure 5b ). Phosphatase activity inhibition of recombinant BdPP2C44 was measured in the presence of recombinant BdPYL1, 2 or 3 with increasing concentration of ABA. Results showed that inhibition of phosphatase activity of BdPP2C44 in the presence of the above receptors was proportional to increasing concentration of ABA.
Pyrabactin, a selective agonist, elicits A. thaliana-originated receptors, PYR1, PYL1 and PYL3 interaction with HAB1 ) and ABI1 (Figure 2a) . Interestingly, pyrabactin promoted interaction between closely related BdPYL1 and BdPP2C44 (Figure 5a ). Y2H analyses and sequence similarity illustrated the structural conservation of the ligand binding sites.
BdPYL10 is a pseudogene
BdPYL10 is located on Brachypodium chromosome 2, coordinates 28,332,856 to 28,333,380 (http://ensembl.grame ne.org/Brachypodium_distachyon/Info/Index). Alignment of BdPYL10 to structurally characterized A. thaliana receptors (Melcher et al., 2009; Santiago et al., 2009a) indicated that BdPYL10 has a conserved gate loop; however, several of the key ABA-binding residues were absent and the latch loop is missing completely (Figure 1) . Furthermore, BdPYL10 lacks phenylalanine residue corresponding to F159 in A. thaliana PYR1. According to the crystal structure, this residue is in contact with three amino acid residues of the PP2C HAB1 and ABA (Santiago et al., 2009a; Dorosh et al., 2013) . Considering all the above, we reasoned that this polymorphism will render the protein ineffective due to interference of the protein's key function -binding of ABA and PP2C. To test this hypothesis, the ability of BdPYL10 to bind the latter was assayed by Y2H. BdPYL10 showed no detectable interactions with any of the tested PP2Cs (nine in total; Figures 2b and 5a) . Thus, we assume that the deletion of the latch and key ABA/PP2C-binding residues rendered the receptor inactive.
Pseudogenes are a nucleotide sequence, similar to functional genes. Yet, these genes are typically inactive due to mutation accumulation. Pseudogenes may result from an ancient event of re-incorporation of mRNA (Hollis et al., 1982) . The hypothesis that BdPYL10 could have originated from such an event is supported by a stretch of poly A at the 3 0 of the coding region. To pinpoint this incorporation event of BdPYL10, we analyzed the genome of additional grasses within the Poaceae family (Kellogg et al., 2013) . This search yielded no similar sequences in the genomes of other grasses, including: Zea mays, Aegilops tauschii, Hordeum vulgare, T. aestivum, Triticum urartu, O. sativa and Sorghum bicolor, suggesting that BdPYL10 is a signature of the Brachypodium genus. RNA-seq analysis of B. distachyon and Brachypodium hybridum showed no measurable transcript reads of BdPYL10 gene. Considering all of the above, we concluded that BdPYL10 is a pseudogene.
Expression analysis of BdPYL receptors
The B. distachyon genome encodes 10 ABA receptors. To determine which receptor may be relevant for perception of abiotic stress, we analyzed steady-state expression of B. Full data set of these lines and a third independent line is presented in Figure S3 .
distachyon ABA receptors. Focus was given to the reproductive stage (i.e. 4 days after anthesis), as this period is critical for determination of yield in grasses (Blum, 2009) . RNA-seq analysis showed that in a steady-state, in the flag leaf post-anthesis, the transcripts of BdPYL1, BdPYL8 and 9 were predominant (Figure 6a ). Low RNA-seq reads were detected for BdPYL2, 3, 4 and 5, while BdPYL6, 7 and 10 were not detectable (Figure 6a ). These results suggest that BdPYL1, 8 and 9 are the relevant receptors for the initial perception of ABA in the leaf most contributing to grain yield (Westgate and Passioura, 1996) . In A. thaliana, ABA signaling components are transcriptionally modulated in a way that dims ABA perception. In response to stress, ABA receptors are downregulated while the PP2Cs are upregulated (Leonhardt, 2004; Saez et al., 2004; Park et al., 2009) . To test whether this pattern is similar in B. distachyon, we tested the receptors transcription under heat and salinity stresses. Among the highly-expressed B. distachyon receptors, only BdPYL1 displayed a similar trend in response to heat and salinity stress as seen in A. thaliana (Figures 6b  and S6 ).
BdPYL1 function as an ABA receptor
To study BdPYL1 involvement in ABA perception, we analyzed a BdPYL1 T-DNA insertion line JJ20227-Bdpyl1-1 ( Figure S7 ; Bragg et al., 2012; Hsia et al., 2017) . T-DNA insertion in BdPYL1 includes a 4 9 35S enhancer that drives the majority of the BdPYL1 coding sequence in an anti-sense conformation. This may cause co-suppression of Bdpyl1-1 in the heterozygous background ( Figure S7b ).
Nevertheless, in homozygous Bdpyl1-1, transcriptions of all other receptors were comparable to wild-type ( Figure S7c ). To date, in A. thaliana, clear single-receptor loss-of-function phenotype was observed only in pyr1 and pyl8 mutants Antoni et al., 2013) . During early development, ABA attune seedling establishment by maintaining seed dormancy and inhibiting seedling growth. Therefore, a plant that is defective in ABA perception and signaling is expected to be impaired at these stages (Finkelstein et al., 2002) . Single receptor knockout was sufficient to diminish B. distachyon ABA perception during germination and seedling establishment (Figure 7a ). In three independent experiments, application of ABA to seeds resulted in significant reduction of overall growth resulting in shorter Bdpyl1-1 plants (Figure 7a) , indicating a mild ABA-insensitive phenotype of Bdpyl1-1 plants during seedling establishment.
Abscisic acid has a direct influence on transpiration rate by reducing guard cell aperture (Fujita et al., 2006; Cutler et al., 2010) . To study the contribution of BdPYL1 to ABAmediated water balance, we tested canopy temperature as a proxy to transpiration. Plants with mature tillers, prior to stem elongation (BBCH scale 29; Hong et al., 2011) were hydrated and canopy temperature was measured. In several independent observations, Bdpyl1-1 showed significantly reduced canopy temperatures compared with wild-type. Application of ABA obfuscated the differences (Figure 7b ). This result suggests that BdPYL1 has a pivotal role in the ABA signaling cascade of B. distachyon; . Over-expression of Brachypodium distachyon subfamily III receptors in Arabidopsis thaliana pyr1/pyl1/pyl2/pyl4 quadruple mutant elevates abscisic acid (ABA)-regulated transcripts. Logarithmic scale of ΔΔCT expression of fold-ABA induction of (top) RAB18 (AT5G66400) and (bottom) RD29B (AT5G52300) in 10-day-old transgenic seedlings incubated for 3 h in MS, supplemented with either 1 lM ABA or Mock [0.1% dimethylsulfoxide (DMSO)] at room temperature. For each genotype, two independent lines expressing BdPYL1-GFP-HPB, BdPYL2-GFP-HPB or BdPYL3-GFP-HPB and their null segregates siblings were tested. Whole seedling RNA was extracted for cDNA preparation. Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) was performed using RAB18 and RD29B primers, input cDNA was normalized using PEX4 expression (AT5G25760). Each dot represents an independent experiment, each comprised of three technical repetitions. T, transgene; N, null segregate.
however, additional mutant alleles are required to draw a firm conclusion.
DISCUSSION
In 2009, two groups identified the missing link of the ABA core pathway, namely the PYR/L/RCAR ABA receptors (Ma et al., 2009; Park et al., 2009 ). Since then, there has been an ongoing effort to identify and functionally characterize ABA receptors from other model and cropplants. In the current study, we identified nine functional ABA receptors and one additional receptor-BdPYL10, which is likely to be a pseudo gene. Recently, two papers describing the ABA pathway of B. distachyon were published, both studies focused on the PP2C co-receptor (Cao et al., 2016; Zhang et al., 2017) . Genome-wide domain analysis performed by Zhang et al. (2017) resulted in 12 START domain proteins annotated as PYR/ L ABA receptors. However, further sequence analysis performed here does not concur with this assumption for three out of the 12 proteins (encoded by BRADI2G32950, BRADI2G48630, BRADI2G62090). Based on low overall amino acid homology (10-20%), specifically in the gate and latch loop sections ( Figure S1 ), we suggest that the latter are not ABA receptors. This hypothesis is strengthened by the lack of interaction of these three proteins and PP2Cs, as presented by Zhang et al. (2017) . In eudicots such as A. thaliana and tomato, phylogenetic analysis of receptors revealed three distinct subfamilies (Ma et al., 2009; Park et al., 2009; Gonzalez-Guzman et al., 2014) . Likewise, similar subfamily clustering was found in the current study for the wheat-like model B. distachyon. To complement the above, we describe a tool to validate the phylogenetic computational approach according to biochemical properties of ABA receptors. Interaction between subfamily III receptors and PP2C in yeast can be characterized by b-galactosidase expression strictly in the presence of ABA Figures 2 and 5a) . These results coincide with the phylogenetic clustering of subfamily III. The basal activity of monomeric receptors (subfamily I and II) makes it difficult to experimentally separate them into subfamilies. Basal activity and ABA-bound affinity of the receptors to PP2C serves as a clustering tool. Testing the interaction of A. thaliana receptors with ABI1, ABI2 and the two corresponding low-affinity mutants (G180D and G168D, respectively) in yeast has proven to be a good method for discriminating receptors subfamilies. This tool was established using A. thaliana receptors, and was successfully challenged by the B. distachyon core ABA pathway. Overall, this new method can be used to help in defining ABA signaling pathways in other model plants and agricultural crops. While it is apparent from the yeast-based assay that A. thaliana monomeric receptors interact with mutated PP2Cs (encoded by abi1-1 and abi2-1), the biological relevance of this result is questionable due to high steady-state protein concentrated in the yeast cells. According to our findings, BdPYL1-9 interact with most A. thaliana and B. distachyon PP2Cs. Moreover, exogenous ABA application enhanced the majority of BdPYL and PP2C interactions. Functional characterization of subfamily III receptors displayed ABA-dependent inhibition of phosphatase activity. Expression of BdPYL1, 2 and 3 reconstitute ABA sensitivity of A. thaliana quadruple receptor mutant (pyr1/pyl1/pyl2/pyl4), which resulted in ABA-dependent seed dormancy, root growth inhibition and gene expression. These results demonstrate the functional conservation of ABA core signaling components between monocot and eudicot. However, two distinct differences were found. Firstly, A. thaliana's PYL11-13 orthologs were not found in Brachypodium (current study), tomato (Gonzalez-Guzman et al., 2014) or wheat (Gordon et al., 2016) , This raises the question whether this set of receptors is Brassicaceae specific. Secondly, in A. thaliana, only a mutant with high complexity leads to ABA hyposensitivity in a broad developmental context. For example, pyr1/pyl1/pyl2/pyl4 quadruple mutant is deficient in all measured ABA responses Okamoto et al., 2013) . Due to redundancy in ABA receptors family, it has been suggested that a single receptor loss of function would display a very weak ABA-insensitive phenotype. Notably, pyl8 mutant exhibits hyposensitivity to exogenous ABA-mediated root growth inhibition (Antoni et al., 2013) . Strikingly, a single receptor knockout resulted in ABA hyposensitivity at both early development and mature vegetative stages. This can be explained by the overall smaller number of receptors encoded by B. RNA-seq analysis of B. distachyon leaves 4 days after anthesis.
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(a) Logarithmic scale of RNA normalized read counts extracted from flag and 2nd leaves from plants grown at 22°C-16°C day-night regime. RNA-seq data were normalized using size factor estimation (implemented in DESeq2), which corrects for differences in library size.
(b) Log 2 -fold change values of ABA receptors following progressive salinity increased from 20 mM up to 100 mM in a period of 12 weeks or 4 days heat treatment (34°C-28°C day-night) starting at anthesis. Each dot represents one biological replicate. In bold and colored, the statistically significant changes (FDR ≤ 0.05 and fold change ≥ |0.5|). n.d., not detectable. A verification of RNA-seq results by quantitative polymerase chain reaction (qPCR) is depicted in Figure S6 and Methods S2.
distachyon genome in comparison to A. thaliana (Ma et al., 2009; Park et al., 2009) . Furthermore, when testing the expression of B. distachyon receptors in mature leaves, only three out of the 10 receptors were highly expressed. In addition, microarray expression analysis presented at the B. distachyon eFP Browser (http://bar. utoronto.ca; Winter et al., 2007) showed that BdPYL1 is the most abundant transcript out of the receptor family (Table S2 ). Considering the above, it is reasonable that a BdPYL1 single gene knockout mutant has a higher phenotypic marginal value. Nonetheless, ABA application triggered a similar response to both Bdpyl1-1 and wild-type, thus it is reasonable that the whole ABA response is still mediated by the additional receptors. These results suggest that the receptor redundancy in monocot might be to a lesser extent than previously believed. It will be interesting to revisit single receptor knockout in crop monocot using genome editing tools.
EXPERIMENTAL PROCEDURES Plant material
Seeds of B. distachyon pyl1-1 T-DNA line JJ20227 were obtained from WRRC Brachypodium T-DNA collection (Bragg et al., 2012) . Seeds of B. distachyon accession 21-3 were obtained from the National Small Grains Collection (NSGC). Seeds of B. hybridum accession BrI-782 were obtained from the BrI collection (Matzrafi et al., 2014) .
Chemical stock solutions
Abscisic acid (Biosynth, Switserland), pyrabactin (Sigma, MO, USA) 1000 9 stock solutions were dissolved in dimethylsulfoxide (DMSO dissolved directly in tap water. Carrier solution was referred to as mock.
DNA sequences
BdPYL3, BdPYL5, BdPYL6, BdPYL7, DN BdPP2C44 (encoding amino acids 121-480) and DN BdPP2C33 (encoding amino acids 91-424) were chemically synthesized. Both gene sequences were optimized for expression in A. thaliana and yeast using 'Codon Optimization Tool' by IDT (eu.idtdna.com/CodonOpt). BdPYL1, BdPYL2, BdPYL4 and BdPYL10 were amplified from wild-type Bd21-3 gDNA. BdPYL8 and BdPYL9 were amplified from cDNA isolated from B. distachyon etiolated seedlings. The genes were amplified using Phusion â High-Fidelity DNA Polymerase (New England Biolabs, MA, USA). For all primers and optimized sequences, see Table S3 .
Y2H assay
The coding regions of BdPYL1-BdPYL10 (BdPYLs) were cloned into pBD-GAL4 (Clontech, CA, USA) by polymerase chain reaction (PCR) amplification with primers bearing EcoRI and SalI at the 5 0 and 3 0 , respectively. Following restriction, BdPYLs were ligated to pBD-GAL4 at the EcoRI and SalI sites. cDNA cloned into pBD allows expression of proteins fused to GAL4 binding domain (BD). Partial coding sequences of DN BdPP2C44 and DN BdPP2C34 were cloned to pACT (Clontech), which allows expression of a GAL4 activation domain (AD) protein fusion, by PCR amplification of fragments flanked with EcoRI and XhoI restriction sites. All enzymes used were acquired from New England Biolabs. Plasmids were then transformed into Escherichia coli (DH5a) using heat shock method and the protein coding regions were sequence-verified. Additional pACT plasmids expressing PP2C from A. thaliana were isolated in an independent screen for GAL4-BD-PYL5 interacting proteins from the publically available CD4-22 cDNA library (Durfee et al., 1993) . Each pBD GAL-BdPYL was individually transformed into Saccharomyces cerevisiae strain Y190 that contained pACT vector sub-cloned with each of the PP2Cs [ABI1 -AT4G26080, ABI1
G180D
(abi1-1), ABI2 -AT5G57050, ABI2
G168D (abi2-1), HAB1 -AT1G72770, HAB2 -AT1G17550, AHG3 -AT3G11410]. Yeast transformants were selected for the presence of plasmids on synthetic dextrose (SD) agar plates, lacking Leu and Trp (LT), and examined for PP2C interactions by using X-gal staining to monitor b-galactosidase reporter gene expression levels. Individual clones were spotted onto SD-LT glass round plates containing 10 lM ABA, 25 lM pyrabactin and 0.1% DMSO as solvent control. After incubating at 28°C for 2 days, colonies were chloroform lysed and stained to estimate b-galactosidase accumulation, as described by Park et al. (2009) . Each assay plate was tested at least three times.
Quadruple mutant complementation
GFP gene was introduced as previously described in pEGHPBBdPYL1, 2 and 3 (Methods S3), using EcoRI restriction enzyme, resulting in 35S driven BdPYLs-GFP-HPB constructs, which were transformed into Agrobacterium (GV3101 strain) using heat shock method. The quadruple A. thaliana pyr1/pyl1/pyl2/pyl4 mutant was stably transformed with the construct using the floral dip method (Clough and Bent, 1998) . Transformants were selected based on GFP signal. Three T 3 homozygous single copy independent transformation events and their null segregates, for each construct, were acquired.
Germination assay of transgenic quadruple mutants
Three T 3 homozygous transgenic quadruple mutant lines expressing BdPYL1-GFP-HPB, BdPYL2-GFP-HPB, BdPYL3-GFP-HPB and their null segregates were gas sterilized in a desiccator for 2 h, using 95 ml 6% bleach and 5 ml 32% HCl. Seeds were planted on 0.5 MS media with 0.5% sucrose containing 0.1% DMSO as solvent control, 5 lM ABA or 25 lM pyrabactin, followed by stratification for 48 h at 4°C. Seeds were incubated in the dark at 22°C for the duration of the experiment. Germination (%), indicated by radical emergence, was scored every 12 h for 108 h. Three independent lines were tested for each receptor with six technical repetitions, n = 30 seeds.
Root length measurements of transgenic quadruple mutants
Quadruple mutant, col-0 and T 3 homozygous transgenic quadruple mutant lines expressing BdPYL1-GFP-HPB, BdPYL2-GFP-HPB or BdPYL3-GFP-HPB were gas sterilized and planted on 0.5 MS media plates with 0.5% sucrose. Seeds were then stratified for 5 days at 4°C and incubated at 22°C for 2 days. Seedlings were transferred to plates with 0.5 MS media with 0.5% sucrose containing either 5 lM ABA or 0.1% DMSO for 48 h at 22°C after which seedlings were photographed and root length was measured using the software ImageJ v1.50i (https://imagej.nih.gov/ij/index. html). Two independent transgenic lines for each receptor under ABA and mock treatments were used for root length assessment (n = 15). Transgenic lines were compared with their corresponding null segregate siblings.
PP2C assay
The coding sequences of DN BdPP2C44, DN BdPP2C34 and fulllength BdPYL3 were cloned into pGEX-4T1 vector (Amersham), resulting in glutathione S-transferase (GST) fused proteins. BdPYL1 and BdPYL2 were cloned into pET28 (EMD Biosciences) vector resulting in 6XHIS fusion proteins. Proteins were expressed in BL21(DE3)pLysS (Promega, www.promega.com) by inoculating 50 ml of overnight culture into 1 L of TB (for HIStagged proteins) or LB (for GST-fused proteins). Bacteria were grown at 30°C. For PP2C, 4 mM MnCl 2 was added at OD 600 = 0.4. Protein expression was induced at OD 600 = 0.9 with 1 mM IPTG for 16 h, at 15°C or 23°C for receptors or PP2Cs, respectively. Bacteria were harvested by centrifugation and resuspended in 3 ml g À1 in buffer A [50 mM NaH 2 PO 4 , 300 mM NaCl, pH 8.0, plus 10 mM imidazole and tablet per 50 ml cOmplete TM Protease Inhibitor Cocktail (Sigma)] for HIS-fused protein or TBS [50 mM TRIS, 150 mM NaCl, pH 7.5, and tablet per 50 ml cOmplete TM Protease Inhibitor Cocktail (Sigma)] for GST-fused proteins. For PP2Cs, 10 mM MnCl 2 was added to TBS prior to resuspension. The suspension was then frozen and stored in À80°C. Bacteria were thawed, sonicated and centrifuged. Clear lysate was applied to 3 ml beads of Ni-NTA (QIAGEN) for HISfused protein or glutathione sepharose (GE, CT, USA) for GSTfused protein. The column was washed with 70 volumes of buffer A (plus 30 mM imidazole) for HIS-fused proteins, and with TBS for GST-fused proteins. For PP2Cs, 10 mM MnCl 2 was added to wash buffer. HIS-fused proteins were eluted with buffer A (plus 250 mM imidazole). GST-fused proteins were eluted with TBS with 20% glycerol, 1 mM TCEP, 30 mM reduced glutathione and 300 mM NaCl. Receptors were dialyzed in TBS, and PP2Cs were dialyzed in TBS plus 20% glycerol and 10 mM MnCl 2 . Purified PP2C recombinant proteins with a specific activity of~0.4 AE 0.07 lmol min À1 mg À1 were used for phosphatase inhibition assay. The reaction contained 1.2 lM recombinant PP2C and 3.6 lM recombinant receptor in 33 mM Tris acetate (pH 7.9), 66 mM potassium acetate, 0.1% bovine serum albumin, 10 mM MnCl 2 , 0.1% b-ME, 50 mM pNPP and increasing concentrations of ABA (0, 0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 1.0 and 5.0 lM). The reaction was monitored for pNPP hydrolysis at A 405 . Recombinant GST-BdPP2C44 activity (as a percentage) was measured in the presence of recombinant 6XHIS-BdPYL1, 6XHIS-BdPYL2 and GST-BdPYL3. The activity of BdPP2C44 was measured for 10 min, and phosphatase activity was calculated during 2 min in the linear phase of the reaction with three replicates. All reaction were analyzed three minutes after the reaction started (03:00-05:00 [MM:SS]), with the exception of one GST-BdPYL3 repetition which was measured between 02:00 and 04:00. Values represent percentage activity compared with phosphatase activity in the presence of receptor without ABA.
Bdpyl1-1 T-DNA growth inhibition
Five seeds of Bdpyl1-1 and wild-type Bd21-3 were sown in 24-well plates containing 3 ml soil (Tuff Marom Golan, Israel) in each well (four wells per genotype per treatment), and 1 ml of either 25 lM ABA or 0.1% DMSO in tap water was added to each well. Plate were incubated for 48 h at 4°C, transferred to a dark growth room at 22°C for 10 days and irrigated every other day. Plants were photographed and height was assessed using ImageJ v1.50i (https://imagej.nih.gov/ij/index.html). Wild-type Bd21-3 plant growth conditions and stress treatments Plants were grown following the conditions described by ShaarMoshe et al. (2017) . At five-leaf stage, plants (n = 6) were progressively exposed to salinity stress by two irrigations of 20 mM NaCl, followed by five irrigations with 50 and then 80 mM NaCl. Target concentration of 100 mM NaCl was achieved within 4 weeks and kept throughout the experiment. At anthesis (BBCH scale 65; Hong et al., 2011) , plants (n = 6) were transferred to a pre-heated greenhouse at the Phytotron (34°C day/28°C night) for 4 days. Plants at steady-state conditions (n = 6) were maintained at 22°C day/16°C night throughout the experiment.
Bdpyl1-1 T-DNA thermal analysis

Statistical analyses
Assays of germination, root length, T-DNA growth inhibition, T-DNA thermal analysis and quantitative polymerase chain reaction (qPCR) were statistically analyzed using JMP â pro 12 statistical package (SAS Institute, NC, USA). Homoscedasticity among treatments was examined with Levene's test. Significant differences were detected using one-way analysis of variance (ANOVA) followed by Student's t-test at P ≤ 0.05. Homoscedasticity among treatments of B. distachyon 21-3 qPCR was examined with Bartlett's test. Differences between control and stress treatments were detected using ANOVA followed by Dunnet's test at P ≤ 0.05. Heat-map based on hierarchical clustering of fold change values was conducted using Ward's method. In all boxplots: the central rectangle represents the range between the first and third quartiles. A line inside the rectangle represents the median value, and the 'whiskers' on the top and bottom represent the maximum and minimum values, respectively.
RNA sequencing and analyses
RNA-seq data were normalized using size factor estimation (implemented in DESeq2), which corrects for differences in library size (Love et al., 2014) . RNA extraction and sequencing as well as data processing and analyses of B. distachyon were obtained from Shaar-Moshe et al. (2017) .
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